"ERK2 alone drives inflammatory pain but cooperates with ERK1 in sensory neuron survival." The Journal of Neuroscience.35,25. 9491-9507. (2015 Extracellular signal-regulated kinases 1 and 2 (ERK1/2) are highly homologous yet distinct components of signal transduction pathways known to regulate cell survival and function. Recent evidence indicates an isoform-specific role for ERK2 in pain processing and peripheral sensitization. However, the function of ERK2 in primary sensory neurons has not been directly tested. To dissect the isoform-specific function of ERK2 in sensory neurons, we used mice with Cre-loxP-mediated deletion of ERK2 in Na v 1.8 ϩ sensory neurons that are predominantly nociceptors. We find that ERK2, unlike ERK1, is required for peripheral sensitization and cold sensation. We also demonstrate that ERK2, but not ERK1, is required to preserve epidermal innervation in a subset of peptidergic neurons. Additionally, deletion of both ERK isoforms in Na v 1.8 ϩ sensory neurons leads to neuron loss not observed with deletion of either isoform alone, demonstrating functional redundancy in the maintenance of sensory neuron survival. Thus, ERK1 and ERK2 exhibit both functionally distinct and redundant roles in sensory neurons.
Introduction
Extracellular signal-regulated kinases 1/2 (ERK1/2) are mitogenactivated protein kinases that integrate signals from growth factor receptors, ion channels, and G-protein coupled receptors. Activated ERK1/2 phosphorylate and activate downstream effectors that support cell survival and alter cell function (Roskoski, 2012) . Previously, ERK1 and ERK2 were presumed to be functionally redundant given their 84% sequence homology, shared upstream activators, and similar substrate specificity (Boulton and Cobb, 1991; Boulton et al., 1991) . However, genetic deletion of either ERK1 or ERK2 leads to distinct phenotypes, suggesting isoform-specific functions (Pagès et al., 1999; Mazzucchelli et al., 2002; Saba-El-Leil et al., 2003; Nekrasova et al., 2005; Satoh et al., 2007 Satoh et al., , 2011a Newbern et al., 2008; Samuels et al., 2008; Alter et al., 2010; Fyffe-Maricich et al., 2011) . Still, tissue-specific loss of both ERK1 and ERK2 leads to novel phenotypes that are not observed in single knock-out animals, implying other redundant functions (Newbern et al., 2011; Satoh et al., 2011b; Yasuda et al., 2011) . Additional studies must address whether ERK1 and ERK2 are functionally redundant in ERK1/2-dependent processes.
Behavioral hypersensitivity after inflammation is mediated by ERK1/2. Following noxious stimulation or inflammation, phosphorylated (activated) ERK1/2 (pERK1/2) is observed in primary afferents, spinal cord dorsal horn, and brain regions involved in pain processing Obata et al., 2003 Obata et al., , 2004 Carrasquillo and Gereau, 2007) . Inhibition of the upstream kinase, mitogen-activated protein kinase kinase (MEK), can both reduce and reverse inflammation-induced hypersensitivity Obata et al., 2003; Zhuang et al., 2004; Karim et al., 2006) . However, these experimental approaches cannot identify isoform-specific or cell type-specific roles of ERK1/2 in pain.
Recent studies have tried to address these questions. Although ERK1 is phosphorylated after injury, global ERK1 expression is dispensable for inflammatory and neuropathic pain (Alter et al., 2010) . This suggests either functional redundancy of ERK isoforms or a predominant role of ERK2 in pain signaling. Recent studies support the latter hypothesis that, in the CNS, ERK2 plays a predominant role in behavioral sensitization following injury. Intrathecal delivery of neuron-targeted ERK2 siRNA mitigated inflammation-induced hypersensitivity (Xu et al., 2008) . Moreover, conditional deletion of ERK2 in CNS neurons and astrocytes attenuated the development of inflammatory and neuropathic pain (Otsubo et al., 2012) . However, neither of these studies addresses the role of ERK2 in sensory neurons or the functionally redundant roles of ERK1 and ERK2 in pain pathways.
In this study, we evaluated the role of ERK1 and ERK2 in Na v 1.8 ϩ sensory neurons that are predominantly nociceptors. Using postnatal, conditional ERK2 deletion in Na v 1.8 ϩ sensory neurons (NsERK2 KO) (Agarwal et al., 2004) , we find that sensory neuron ERK2 is necessary for development of inflammationinduced hypersensitivity, cold sensation, and for postnatal maintenance of a subset of peptidergic epidermal innervation. Unexpectedly, postnatal loss of both ERK isoforms in Na v 1.8 ϩ neurons leads to a loss of sensory neurons that is not observed in either single isoform knock-out animal. Therefore, sensory neuron ERK2 drives peripheral sensitization, whereas expression of at least one ERK isoform is required for postnatal sensory neuron survival.
Materials and Methods
Animals. All experiments were performed in accordance with National Institute of Health guidelines and were approved by the Animal Care and Use Committee of Washington University School of Medicine. Mice were housed in cages maintained on a 12 h light/dark cycle with ad libitum access to food and water. ERK1-targeted deletion was accomplished by using homologous recombination to replace exons 1-6 with a Neo cassette as previously described (ERK1 Ϫ/Ϫ ) (Nekrasova et al., 2005) . These mice were backcrossed Ͼ10 times to a C57BL/6 background. Mice heterozygous for the ERK1 mutation were crossed to obtain ERK1 Ϫ/Ϫ (ERK1 KO) and ERK1 ϩ/ϩ (WT) littermates. ERK2 conditional deletion in Na v 1.8 ϩ sensory neurons (NsERK2 KO) was accomplished using a Cre-LoxP system. The mapk1 gene encoding ERK2 was flanked with loxP sites (ERK2 f/f ) around exon 2, which, upon Cre-mediated excision, produces a null allele (Samuels et al., 2008) . These mice were crossed with a BAC transgenic line expressing Cre recombinase under the Na v 1.8 promoter (Na v 1.8-cre) (Agarwal et al., 2004) . Male ERK2 f/f ; Na v 1.8-cre mice were crossed with ERK2 f/f female mice. Through this cross, we obtained ERK2 f/f ;Na v 1.8-cre (NsERK2 KO) and ERK2 f/f (control) littermates. NsERK2 KO mice were backcrossed Ͻ10 times with C57BL/6 mice to create a mixed Bl6/C57;129 background. ERK1 KO mice were crossed with NsERK2 KO mice to create a mixed Bl6/C57;129 line of sensoryneuron-specific double knock-out mice wherein ERK1 is deleted globally and ERK2 is deleted specifically in Na v 1.8 ϩ sensory neurons. This sensory neuron-specific ERK1/2 double knock-out mouse (ERK1 Ϫ/Ϫ ; ERK2 f/f ; Na v 1.8-cre) is referred throughout the paper as ERK dKO mice for simplicity of nomenclature. Male ERK1 ϩ/Ϫ ;ERK2 f/f ;Na v 1.8-cre mice were crossed with female ERK1 ϩ/Ϫ ;ERK2 f/f mice to obtain the following experimental mice as littermates: ERK1 Ϫ/Ϫ ;ERK2 f/f (ERK1 KO), ERK1 ϩ/ϩ ;ERK2 f/f (WT), ERK1 ϩ/ϩ ;ERK2 f/f ; Na v 1.8-cre (NsERK2 KO), and ERK1
Ϫ/Ϫ ;ERK2 f/f ; Na v 1.8-cre (ERK dKO) . For all studies, littermate controls were used and experimenters were blinded to genotype.
Western blotting. Sample preparation and immunoblotting were done as previously described (Alter et al., 2010) . Mice were acclimated for 2-3 h in behavior chambers. Mice were killed using a guillotine, and spinal cord was extracted via hydraulic extrusion. The lumbar enlargement of the spinal cord was separated and flash frozen on dry ice. Thoracic and lumbar DRGs were isolated, pooled, and flash frozen. Frozen spinal cord and DRGs were homogenized using a Dounce homogenizer in ice-cold buffer containing 20 mM Tris, pH 7.5, 1 mM EDTA, 1 mM Na 4 P 2 O 7 , 25 g/ml aprotinin (Sigma-Aldrich), 25 g/ml leupeptin (Sigma-Aldrich), 100 M PMSF (Roche Applied Science), 1 g/ml microcystin LR (Enzo Life Science), and 1 mM Na 3 VO 4 (Sigma-Aldrich) in Milli-Q distilled water. A BCA assay (Pierce Biotechnology) was used to measure protein concentration with a SmartSpec 3000 spectrophotometer (Bio-Rad).
Immunoblotting experiments were performed by loading 10 g of protein homogenates into an SDS-PAGE gel (Bio-rad) for protein size separation. Protein homogenates were loaded into precast Tris-HCl 4% stacking and 10% separating polyacrylamide midi-gels (Bio-Rad). Following size separation on a SDS-PAGE gel, protein was transferred from the gel to a nitrocellulose membrane using a wet transfer system (BioRad). Odyssey blocking buffer (LI-COR Biosciences) was used to block the membrane for 1 h at room temperature. The membrane was then incubated in primary antibodies diluted in Odyssey blocking buffer for 1 h at room temperature. The following primary antibodies were diluted in Odyssey blocking buffer (LI-COR Biosciences) and used for immunoblotting experiments: anti-pERK1/2 (mouse monoclonal, 1:1000; Cell Signaling Technology), anti-ERK1/2 (rabbit polyclonal, 1:1000; Cell Signaling Technology), anti-␤-tubulin (mouse monoclonal, 1:10,000, Sigma), and mouse anti-actin (mouse monoclonal, 1:2000; SigmaAldrich). Following several washes, membranes were incubated for 1 h in the fluorescently tagged secondary antibodies, goat anti-rabbit IRDye800 (1:20,000; LI-COR Biosciences) and goat anti-mouse AlexaFluor-680 (1:20,000; Invitrogen) diluted in Odyssey blocking buffer (LI-COR Biosciences). Odyssey Infrared Fluorescence Imaging System (LI-COR Biosciences) was used to detect antibody binding at 700 nm (pERK1/2, ␤-tubulin, and actin) and 800 nm (ERK1/2) wavelength fluorescent emissions. Densitometry was used quantify band intensity using the Odyssey Infrared Fluorescence Imaging System software (LI-COR Biosciences).
Behavioral studies. Male (see Figs. 1, 2, 3, 4) or female (see Figs. 6, 7) littermate mice were tested between 7 and 10 weeks of age during their light cycle. Behavioral experiments were performed in isolated rooms held at room temperature (ϳ25°C) with white noise on. Before behavioral testing, mice were acclimated to the testing area for at least 2 h. During thermal gradient experiments, mice were placed in individual lanes separated to prevent mice from seeing each other. For responses to thermal and mechanical stimuli, mice were placed into individual, Plexiglas behavioral chambers (width, 10 cm; length, 10 cm; height, 15 cm) separated by opaque dividers to prevent mice from seeing each other during testing.
Thermal gradient. Naive mice were assessed for thermotaxis behavior on a thermal gradient ranging from 13°C to 49°C as described previously (Dhaka et al., 2007) . Mice were acclimated to the room in their home cages before each day of testing. On the first day, mice were allowed to move freely for 2 h on the apparatus with no temperature gradient. On the day of testing, the gradient was turned on during acclimation of the mice in their home cage. Before testing, the temperatures of 20 equally sized zones were determined by averaging the temperature at the zone's edges. Mice were then allowed to freely move on the gradient over the next 2 h. On both days, Anymaze software (Stoelting) continuously tracked the center of each mouse to measure the time spent in each zone during the 2 h trial. Data were averaged for each genotype and graphed as mean Ϯ SEM of time spent in each zone over the entire 2 h test.
Extended cold plantar assay. Naive mice were tested for their response to a cold stimulus (dry ice) applied to the glass plate directly underneath the plantar area of their hindpaw as done previously (Brenner et al., , 2014b . For all experiments, mice were placed in behavioral chambers on 1 ⁄4-inch thick glass purchased from Stemmerich. A cold stimulus was applied to the glass underneath the hindpaw using powdered dry ice packed into a modified 3 ml syringe (BD Biosciences). Mirrors underneath the glass were used to accurately target the stimulus. Mice were assessed for their paw withdrawal latency to this cold stimulus every 7 min alternating between paws for each mouse. Only awake, still mice were tested. A 20 s cutoff was used to avoid tissue damage. Three to five measurements were taken using a stopwatch to determine average paw withdrawal latencies for each mouse.
The glass plate was either maintained at room temperature or cooled to either 17°C or 12°C. To uniformly cool the glass, either wet (17°C) or dry ice (12°C) was placed in two custom-built aluminum boxes (4.5 inches wide and 3 inches tall with a lid) that stretched the length of the glass on either side of the behavioral chambers (Brenner et al., 2014b) . To cool the plate to 17°C, wet ice was added to these aluminum boxes positioned ϳ0.25 inches away from the behavioral chambers on either side. To cool the plate to 12°C, dry ice pellets were added to the aluminum boxes that were positioned ϳ1.25 inches away from the behavioral chambers on either side. Once the plate reached the desired temperature (within ϳ1 h), the mice were placed in their behavioral chambers and acclimated there for at least 2 h. The temperature was continuously monitored at the middle of the plate using a 24P T-type filament thermocouple probe (Physitemp Instruments) and logged by a EA15 Data-Logging Dual Input Thermometer (Extech Instruments). The glass temperature was modified by either adding more ice or adjusting the position of the aluminum containers with respect to the behavioral chambers. Mice were only tested when the plate temperature was within Ϯ1.0°C of the target temperature. Mice were tested on room temperature glass on the first day, and 17°C and 12°C glass on subsequent days.
Hargreaves' test. Mice were evaluated for their response to a radiant heat source (Hargreaves apparatus) applied to the plantar surface of their hindpaw as previously described (Alter et al., 2010) . Mice were placed in behavioral chambers on a prewarmed (ϳ30°C) glass plate of 390G Plantar Test Apparatus (IITC Life Sciences). Following acclimation on the apparatus, paw withdrawal latencies were determined using a radiant heat source stimulus set at a 14%-17% active intensity and 3%-5% inactive intensity. A 20 s cutoff was used to avoid tissue damage. For baseline paw withdrawal latencies, five independent measurements on each paw were performed separated by at least 30 min on the same paw. Following injection of inflammatory or algogenic compounds, two independent measurements per hour were taken for each paw and averaged for hourly time points. On each subsequent day, three independent measurements were acquired for each paw and averaged for the day's mean value. Data were then converted to and graphed as a percentage of baseline paw withdrawal latency.
von Frey. Mice were tested for their 50% paw withdrawal threshold using calibrated von Frey filaments (North Coast Medical) as previously described (Alter et al., 2010) . Mice were acclimated in behavioral chambers on a wire mesh for at least 2 h. During testing, filaments were pressed against the area between the anterior and posterior footpads of the hindpaw for ϳ1 s. Awake, still mice were tested five times with each filament at a rate of ϳ0.5 Hz starting with the lightest filament (0.08 g). Testing progressed to heavier filaments until a filament evoked a withdrawal response in at least three of five applications and was thus considered to be the 50% paw withdrawal threshold. A response was counted when the mouse withdrew its hindpaw from the mesh immediately following the filament application. For baselines, three to five independent measurements were taken for each paw separated by at least 30 min on the same paw. Following NGF-induced and complete Freund's adjuvant (CFA)-induced inflammation, paw withdrawal thresholds were determined hourly after injury from a single measurement. On subsequent days, three independent measurements were acquired and averaged for the day's mean value. Data were then graphed as the paw withdrawal threshold.
Radiant tail flick assay. Mice were assessed for the tail withdrawal latency to a radiant heat source directed at their tail. Mice were restrained in a 50 ml conical tube equipped with a stopper and air holes. The mouse's tail was placed under radiant heat source of the Tail Flick Meter (IITC) maintained at an inactive intensity of 0%. When mice reached a still, awake state, the radiant heat source was applied to the tail with an active intensity of 50%. Once the mouse flicked its tail away from the radiant heat source, the trial was stopped and the tail flick latency was recorded. Care was taken to avoid visibly injured areas present on mice. Three independent measures were recorded at least 15 min apart.
Randall-Selitto tail pinch assay. Mice were assessed for the sensitivity to a ramping mechanical force directed on their tail. Mice were restrained in a 50 ml conical tube equipped with a stopper and air holes. The mouse's tail was placed under the pusher on an Analgesia-Meter (Ugo Basile). When mice reached a still, awake state, the instrument was used to apply a force on the tail increasing at a rate of 16 g/s. The mechanical stimulus was stopped manually when the mouse began to struggle, and the cumulative force (in grams) needed to evoke a response was recorded as the tail withdrawal threshold. Three independent trials were performed at least 15 min apart starting at a distal region ϳ1 mm from the end of the tail and moving ϳ1 mm proximally for subsequent measures. Care was taken to avoid visibly injured areas present on mice.
Formalin-induced spontaneous behaviors. To assess formalin-induced spontaneous behaviors, mice were given an intraplantar injection of 5% formalin and subsequently assessed for time spent in spontaneous pain behavior, including licking, lifting, and flicking. Mice were first acclimated in behavioral chambers for at least 2 h. Mice were then injected subcutaneously with 10 l of 5% formalin (Sigma-Aldrich) diluted in 0.9% NaCl into the plantar surface of the hindpaw. Mice were immediately returned to their behavior chamber and the experimenter exited the room. A video was recorded from below using a webcam (Logitech) with resolution set at 960 ϫ 720 for 1 h following injection. Total time spent licking, lifting, and flicking the injured paw was assessed post hoc from the videos by a blinded experimenter using a stopwatch. Total time spent in these spontaneous behaviors was binned every 5 min for the hour following formalin injection. Time spent in spontaneous behavior was also parsed into Phase 1 (0 -10 min after injection) and Phase 2 (10 -60 min after injection).
Inflammation-and algogen-induced hypersensitivity. Inflammatory and algogenic compounds were injected subcutaneously into the plantar surface of the hindpaw. CFA-induced inflammation was caused by a 10 l injection of 1 mg/ml CFA (Sigma-Aldrich). NGF-induced inflammation was caused by a 10 l injection of 0.2 g NGF diluted in 0.9% NaCl. As in spontaneous behavior experiments, 10 l of 5% formalin (SigmaAldrich) diluted in 0.9% NaCl was injected to induce hypersensitivity. Mustard oil-induced hypersensitivity was caused by an injection of 10 l of 0.75% mustard oil diluted in light mineral oil. Hypersensitivity following each algogen was measured as described above for thermal (Hargreaves' test) and mechanical (von Frey) stimuli.
CFA-induced paw edema. Paw inflammation following CFA injection was monitored in both ERK1 KO and NsERK2 KO mice compared with control littermates. As in behavioral experiments, mice were habituated for 2 h in individual behavioral chambers before testing. Following habituation, 150 mm stainless dial calipers (Chicago Brand) were used to measure paw thickness (in millimeters) to establish a baseline reading. Mice then received an intraplantar injection of 10 l injection of 1 mg/ml CFA (Sigma-Aldrich). CFA-induced inflammation was monitored by measuring paw thickness (in millimeters) over the same time course used in the CFA-induced behavioral hypersensitivity assays. Data were graphed as paw thickness (in millimeters).
Accelerating rotarod. Untrained NsERK2 KO and control (ERK2 f/f ) littermate mice were assessed for their gross motor function using an accelerating Rotarod (Ugo Basile). Five consecutive trials were performed with at least 5 min between trials. Latency to fall or roll on the Rotarod was measured as the apparatus accelerated from 4 to 40 rpm over 5 min.
Open field. Locomotion was assessed using an open field equipped with a Versamax Animal Activity Monitoring System (AccuScan Instruments). Before testing, mice were habituated to the room in their home cages for at least 1 h. Naive NsERK2 KO and control (ERK2 f/f ) littermates were then placed in the open field during individual trials and allowed to freely explore after the experimenter exited the room. The number of photobeam breaks was calculated to measure the horizontal activity of mice in the chamber (42 ϫ 42 ϫ 30 cm, length ϫ width ϫ height) during the 1-h-long trial.
Immunohistochemistry (IHC) . Tissues for IHC experiments were collected as previously described (Golden et al., 2010) . Tissue from 7-to 10-week-old male littermates was fixed with either Zamboni's fixative (footpads) or via transcardial perfusion with 4% PFA (all other tissue). Following rinsing with PBS, tissue was cryoprotected in 30% sucrose. For Ret immunostaining, DRGs were fresh frozen. Tissue was sectioned using a cryostat set to cut either 30 m (footpads and spinal cord) or 18-m-thick (DRG) sections.
Immunostaining experiments were performed as follows. Following brief postfix in 4% paraformaldehyde in PBS and a couple washes in TBS, sections were blocked using a 1% BSA (Sigma-Aldrich) and 0.2% Difco milk (BD Biosciences) solution dissolved in TBS with 0.1% Triton X-100. Subsequently, sections were incubated overnight at 4°C in the following primary antibodies diluted in Tyramide Signal Amplification (TSA) blocking reagent (PerkinElmer): rabbit anti-Ret (1:50, IBL), rabbit antiTrkA (1:300, Millipore), goat anti-rat calcitonin gene-related peptide (CGRP, 1:400, Serotec AbD), mouse anti-NF200 (1:200, Sigma), rabbit anti-␤III-tubulin (1:1000, Covance), and mouse anti-␤III-tubulin (1: 1000, Millipore). IB4
ϩ labeling was performed overnight at 4°C using an Alexa-conjugated IB4 ( TMP histochemistry. Following several washes in Tris-maleate buffer, spinal cord sections were incubated at 37°C in Tris-maleate buffer containing 0.25% thioamine phosphate (TMP; Sigma-Aldrich) and 0.08% lead nitrate (Sigma-Aldrich) for 30 min. Following another round of washes, the reaction was developed briefly in an aqueous solution of 1% sodium sulfide (Sigma-Aldrich). The reaction was quenched in Trismaleate buffer. Then, the slides were dehydrated and coverslipped.
Microscopy. Images were taken using either a Nikon 80i upright epifluorescence microscope with a CoolSnap ES camera or an inverted Leica DMI400 CSQ Confocal Microscope equipped with a spectral detector for imaging at 488 and 543 nm. Images were then processed in National Institutes of Health ImageJ, version 1.48 or Adobe Photoshop software using only global adjustments to brightness and contrast.
Stereological counts. Stereological counts were done as previously described (Golden et al., 2010) . To determine intraepidermal nerve fiber density (IENFD) for total (␤III tubulin ϩ ) and peptidergic (CGRP ϩ ) fibers, five randomly selected areas of thick, glaborous skin (Ն120 m apart) were assessed for fibers coursing through a measured length of the dermal-epidermal border. To determine the total numbers of ␤III-tubulin ϩ , Ret ϩ , TrkA ϩ , CGRP ϩ , and NF200 ϩ neurons, 18 m sections were collected from L3-L5. Positively immunostained profiles were counted in every fourth section of one DRG (L3, L4, or L5), and final counts were obtained by multiplying counts by 4. To determine percentages of DRG neuron subpopulations, three randomly selected sections (Ն70 m apart) per DRG were counted for the number of labeled neurons as a percentage of the total (␤III tubulin ϩ ) neurons. Neuron sizes were determined manually using MetaMorph software. Spinal cord immunohistochemistry experiments were assessed qualitatively by blinded experimenters.
Statistical analyses. All data were analyzed using Microsoft Excel (Microsoft) and GraphPad Prism (GraphPad Software). Data are expressed as mean Ϯ SEM. The text and figure legends indicate the statistical test that was used for each dataset. The text also indicates the group size and degrees of freedom for each experiment. The following tests were used to analyze data under various circumstances (outlined in parentheses): unpaired t test (two groups), one-way repeated-measures (RM) ANOVA (Ͼ2 groups), two-way RM ANOVA (time course with 2 or more groups) or Kologorov-Smirnov test (comparing two distributions to each other). The criterion for significance was set at p Ͻ 0.05 a priori.
Results

DRG-specific conditional deletion of ERK2
Despite the known importance of ERK1/2 signaling in peripheral sensitization Obata et al., 2003; Karim et al., 2006) , our previous report demonstrated that ERK1 is dispensable for behavioral hypersensitivity following inflammation or peripheral nerve injury (Alter et al., 2010). To test the hypothesis that ERK2 plays a predominant role in peripheral sensitization, we conditionally deleted ERK2 from primary sen- Conditional deletion of ERK2 is DRG specific. A, Schematic illustrates two constructs inserted in the mouse genome: a BAC-transgene with Cre-recombinase driven by a Na v 1.8 promotor and the endogenous ERK2 allele with loxP sites (illustrated by triangles) inserted flanking exon 2. In ERK2 f/f ; SNS-Cre (called NsERK2 KO) expressing both constructs, Na v 1.8 promotor-driven Cre expression led to excision of exon 2 at loxP site to create a null allele in Na v 1.8 ϩ sensory neurons. B, Western blot and quantification of isolated DRG lysates demonstrate ERK1 and ERK2 expression in NsERK2 KO (CKO) and ERK2 f/f (flox) control mice with anti-ERK1/2 and anti-␤III tubulin as a loading control. C, Western blots and quantifications were performed to assess ERK1 and ERK2 expression in SC, Cx, CB, or Hippo using an anti-actin as a loading control. For quantification of ERK bands in B and C, integrated intensities of each isoform were divided by integrated intensity of total ␤III tubulin (B) or actin (C) expression and then normalized to ERK2 f/f controls (flox) (n ϭ 7/genotype). ***p Ͻ 0.001.
sory neurons using Na v 1.8 promoter-driven Cre-recombinase expression from a BAC transgene (Fig. 1A ) (Agarwal et al., 2004; Samuels et al., 2008 Fig. 1B ; unpaired t test, ***p Ͻ 0.0001). As expected, NsERK2 KO DRG retained some ERK2 likely due to its expression in Na v 1.8-negative sensory neurons and non-neuronal cells. Importantly, ERK1 expression in DRG was unaltered by deletion of Figure 2 . Conditional deletion of ERK2 impairs cold sensation without affecting heat or mechanical thresholds. A, D, NsERK2 KO (A; n ϭ 7 or 8/group) and ERK1 KO (D; n ϭ 5 or 6/group) mice were assessed for thermotaxis behavior during a 2 h trial on temperature gradient ranging from 49°C to 13°C. Anymaze software (Stoelting) was used to measure time that the mouse's center of mass spent in each zone during the entire test (mean Ϯ SEM). ***p Ͻ 0.001. B, E, Using the extended cold plantar assay, paw withdrawal latency (seconds) to a cold stimulus in NsERK2 KO (B; n ϭ 8/group) and ERK1 KO (E; n ϭ 9/group) mice was measured and compared with control littermates on glass held at room temperature (22°C) or cooled to either 17°C or 12°C. *p Ͻ 0.05. C, NsERK2 KO (n ϭ 14) and ERK2 f/f (n ϭ 14) control littermates were assessed for paw withdrawal latency (seconds) to a radiant heat source using the Hargreaves test. F, NsERK2 KO (n ϭ 9) and ERK2 f/f (n ϭ 9) control littermates were assessed for paw withdrawal thresholds (in grams) using calibrated von Frey filaments. Data for paw withdrawal latencies and thresholds are expressed as mean Ϯ SEM. G, Open field locomotor behavior was assessed over 1 h in NsERK2 KO (n ϭ 7) and ERK2 f/f (n ϭ 7) control littermates. Data are binned into 5 min intervals and expressed as mean Ϯ SEM. H, Time to fall off of an accelerating Rotarod was measured in both NsERK2 KO (n ϭ 7) and ERK2 f/f (n ϭ 7) control littermates. Data are graphed for each of the five trials and expressed as mean Ϯ SEM. Fig. 1B; Sensory neuron ERK2 plays a complex role in formalin-and CFA-induced hypersensitivity. A, Following intraplantar injection of 10 l of 5% formalin, time spent in spontaneous behavior (e.g., licking, lifting, or flicking the injured paw) was assessed for ERK2 f/f (n ϭ 5) and NsERK2 KO (n ϭ 8) littermates and plotted in 5 min bins for 1 h. B, Time spent in spontaneous behavior following 5% formalin intraplantar injection was parsed into first (0 -10 min) and second (10 -60 min) phase of spontaneous behavior. *p Ͻ 0.05. **p Ͻ 0.01. C, Paw withdrawal thresholds (in grams) in ERK2 f/f (n ϭ 8) and NsERK2 KO (n ϭ 9) mice were measured at baseline and after intraplantar injection of 10 l of 1 mg/ml CFA. *p Ͻ 0.05. **p Ͻ 0.01. D, Paw withdrawal latency to a radiant heat source was measured in ERK2 f/f (n ϭ 9) and NsERK2 KO (n ϭ 10) mice and expressed as a percentage of baseline for 2 d following intraplantar injection of 10 l CFA. E, F, CFA-induced paw edema was assessed by measuring paw thickness (in millimeters) in NsERK2 KO (E) and ERK1 KO mice (F ) compared with littermate controls (n ϭ 4 -6) both at baseline and after CFA.
ERK2 (
tion ability, we monitored thermotaxis behavior on a temperature gradient ranging from 49°C to 13°C (Golden et al., 2010) . NsERK2 KO mice demonstrated a moderate, but significant, shift in their thermotaxis behavior toward cooler temperatures compared with control littermates ( Fig. 2A ; two-way RM ANOVA with a Bonferroni post test: significant interaction between zone and genotype, F ϭ 4.42, degrees of freedom numerator (dfn) ϭ 19, degrees of freedom denominator (dfd) ϭ 260, ***p Ͻ 0.0001). Importantly, NsERK2 KO mice exhibited no differences in open field exploratory behavior ( Fig. 2G ; two-way RM- . ERK1 and sensory neuron ERK2 differentially modulate NGF-induced heat, but not mechanical, hypersensitivity. A, Paw withdrawal threshold (in grams) was measured at baseline and after an intraplantar injection of 0.2 g/10 l NGF using calibrated filaments in ERK2 f/f (n ϭ 13), NsERK2 KO (n ϭ 12), ERK1 WT (n ϭ 13), and ERK1 KO (n ϭ 13) mice. Data are expressed as a paw withdrawal threshold in grams. B, Paw withdrawal threshold data were averaged from the first 3 h following intraplantar injection of 0.2 g/10 l NGF for each ERK knock-out and their control littermate (n ϭ 12 or 13/group). Data are expressed as a percentage of baseline Ϯ SEM. C, Following intraplantar injection of 0.2 g/10 l NGF, paw withdrawal latency to a radiant heat source was assessed in ERK2 f/f (n ϭ 9), NsERK2 KO (n ϭ 11), ERK1 WT (n ϭ 12), and ERK1 KO (n ϭ 12) mice. Each time point was divided by the baseline withdrawal latency to express data as a percentage of the baseline latency. *p Ͻ 0.05. D, Percentage of baseline data was averaged from the first 3 h following intraplantar injection of 0.2 g/10 l NGF for each ERK knock-out and their control littermate (n ϭ 9 -12/group). **p Ͻ 0.05. Data are expressed as a mean Ϯ SEM. E, Paw withdrawal latency to radiant heat source was measured in ERK2 f/f (n ϭ 8) and NsERK2 KO (n ϭ 10) and expressed as a percentage of baseline averaging data from 1 to 3 h following intraplantar injection of 10 l of 5% formalin. F, G, Mustard oil-induced heat hypersensitivity in NsERK2 KO (F; n ϭ 4 or 5/group) and ERK1 KO (G; n ϭ 5/group) mice was measured and expressed as a percentage of baseline averaging data from 1 to 3 h after 10 l of 0.75% mustard oil. Data are mean Ϯ SEM.
ANOVA: F ϭ 0.65, dfn ϭ 1, dfd ϭ 12, p ϭ 0.4366 for genotype), suggesting that the change in thermotaxis behavior is not due to decreased overall activity. The shift in temperature preference could result from either increased sensitivity to heat or decreased sensitivity to cold. To test these possibilities, we measured responses to cold and heat stimuli in naive mice. NsERK2 KO mice exhibited increased withdrawal thresholds to cold stimuli compared with control littermates using the extended cold plantar assay (Brenner et al., , 2014b (Fig. 2B ; two-way RM ANOVA with a Bonferroni post test: F ϭ 7.55, dfn ϭ 1, dfd ϭ 14, *p ϭ 0.0157 for genotype). However, NsERK2 KO mice showed no change in their withdrawal latency to radiant heat compared with control littermates ( Fig. 2C ; unpaired t test, p ϭ 0.6796). In contrast, ERK1 KO mice did not exhibit a change in thermotaxis behavior ( Fig. 2D ; two-way RM ANOVA: no interaction between zone and genotype, F ϭ 0.22, dfn ϭ 19, dfd ϭ 152, p ϭ 0.9998), sensitivity to cold in the extended cold plantar assay ( Fig. 2E ; two-way RM ANOVA: F ϭ 0.48, dfn ϭ 1, dfd ϭ 32, p ϭ 0.5003 for genotype), or sensitivity to radiant heat (Alter et al., 2010) . To determine whether mechanical sensation is altered by loss of either ERK1 or ERK2, we used calibrated von Frey filaments. Neither ERK1 KO (Alter et al., 2010) nor NsERK2 KO mice ( Fig. 2F ; unpaired t test, p ϭ 0.2950) exhibited any changes in their withdrawal threshold compared with control littermates. Neither ERK isoform knock-out mouse exhibited a deficit in the accelerating rotarod test ( Fig. 2H ; two-way RM ANOVA: F ϭ 0.03, dfn ϭ 1, dfd ϭ 48, p ϭ 0.8739 for genotype) (Alter et al., 2010) , indicating that gross motor function was intact. Overall, these data suggest that sensory neuron ERK2 regulates cold sensation.
Sensory neuron ERK2 plays a complex role in formalininduced spontaneous pain behavior ERK1/2 signaling is known to play a role in peripheral sensitization induced by chemical or inflammatory stimuli; however, ERK1 is dispensable for this sensitization (Obata et al., 2003; Alter et al., 2010) . To test whether sensory neuron ERK2 drives chemical-induced peripheral sensitization, we injected formalin into the paw, which elicits a behavioral response known to rely, in part, on peripheral sensitization (Tjølsen et al., 1992; Puig and Sorkin, 1996) . Control littermates exhibited the stereotypical biphasic response to 5% formalin intraplantar injection (Fig. 3A) characterized by an immediate behavioral response (Phase 1, 0 -10 min) that is followed by a longer lasting delayed phase (Phase 2, 10 -60 min). Unexpectedly, NsERK2 KO mice exhibited an increase in formalin-induced first phase spontaneous behavior compared with control littermates ( Fig. 3B ; unpaired t test, *p ϭ 0.0280). Despite this increased first phase, the NsERK2 KO mice displayed decreased spontaneous behavior overall (0 -60 min combined) ( Fig. 3A; two-way RM ANOVA with a Bonferroni post test: significant interaction between time and genotype F ϭ 2.80, dfn ϭ 11, dfd ϭ 121, **p ϭ 0.0028) and in the second phase ( Fig. 3B ; unpaired t test, *p ϭ 0.0119), suggesting that sensory neuron ERK2 plays a complex role in formalin-induced peripheral sensitization. Therefore, a more detailed behavioral study was required to understand the role of ERK2 in peripheral sensitization.
Sensory neuron ERK2 is necessary for CFA-induced mechanical, but not heat, hypersensitivity
To better understand the role of sensory neuron ERK2 in peripheral sensitization, we assessed the development and maintenance of CFA-induced hypersensitivity in NsERK2 KO mice. CFAinduced heat and mechanical hypersensitivity are both attenuated by pharmacological blockade of ERK1/2 signaling (Obata et al., 2003) . Additionally, CFA-induced heat and mechanical hypersensitivity are unaffected by global deletion of ERK1 (Alter et al., 2010) . Therefore, we hypothesized that sensory neuron ERK2 is necessary for CFA-induced hypersensitivity. Following intraplantar injection of CFA, NsERK2 KO mice exhibited attenuated mechanical hypersensitivity compared with control littermates ( Fig. 3C ; two-way RM ANOVA with a Bonferroni post test: F ϭ 9.43, dfn ϭ 1, dfd ϭ 105, **p ϭ 0.0078 for genotype). In contrast, NsERK2 KO mice displayed a similar magnitude of CFA-induced heat hypersensitivity compared with control littermates ( Fig. 3D ; two-way RM ANOVA: F ϭ 0.12, dfn ϭ 1, dfd ϭ 119, p ϭ 0.7380 for genotype). Importantly, NsERK2 KO and ERK1 KO mice exhibited CFA-induced paw edema comparable with that of littermate controls, suggesting that loss of either ERK isoform does not affect the magnitude of CFA-induced inflammation (Fig. 3 E, F ; two-way RM ANOVA for NsERK2 KO in 3E: F ϭ 0.04, dfn ϭ 1, dfd ϭ 9, p ϭ 0.8461 for genotype; two-way RM ANOVA for ERK1 KO in 3F: F ϭ 0.26, dfn ϭ 1, dfd ϭ 8, p ϭ 0.6209 for genotype). Overall, these results indicate that sensory neuron ERK2 plays an Figure 5 . Sensory neuron ERK2 deletion leads to basal hyperphosphorylation of ERK1. Representative Western blots of total DRG (A) and SC (B) lysates were probed with a pERK1/2 antibody and an ERK1/2 antibody in ERK2 f/f (n ϭ 7) and NsERK2 KO (n ϭ 7). Integrated intensities of phosphorylated (activated) pERK1 and pERK2 were divided by integrated intensities of total ERK1 and ERK2, respectively, to determine the ratio of activated to total protein (pERK1/ERK1 and pERK2/ERK2). *p Ͻ 0.05 (unpaired t tests).
isoform-specific role in CFA-induced mechanical, but not heat, hypersensitivity.
Neither ERK1 nor sensory neuron ERK2 is necessary for NGF-induced mechanical hypersensitivity
To extend our understanding of the role of ERK isoforms in inflammation-induced pain, we assessed whether either ERK1 or ERK2 were necessary for NGF-induced hypersensitivity. Previously, a pharmacological study demonstrated a role for ERK1/2 in development of NGF-induced mechanical hypersensitivity (Malik-Hall et al., 2005) . To determine whether isoform-specific functions exist for NGF-induced mechanical hypersensitivity, we assessed the development and maintenance of mechanical hypersensitivity after NGF in both ERK1 KO and NsERK2 KO mice compared with littermate controls. NsERK2 KO mice displayed similar NGF-induced mechanical hypersensitivity compared with their control littermates over the entire test ( Fig. 4A ; twoway RM ANOVA with a Bonferroni post test: for genotype, F ϭ 0.25, dfn ϭ 1, dfd ϭ 23, p ϭ 0.6208) and at 1-3 h following NGF injection ( Fig. 4B ; t test, p ϭ 0.8007). Likewise, ERK1 KO mice exhibited comparable NGF-induced mechanical hypersensitivity to their control littermates over the entire test ( Fig. 4A ; two-way RM ANOVA with a Bonferroni post test: for genotype F ϭ 0.50, dfn ϭ 1, dfd ϭ 24, p ϭ 0.4877) and at 1-3 h following NGF injection ( Fig. 4B; t test, p ϭ 0.1789) . Together, these data suggest that neither ERK1 nor ERK2 alone is necessary for the development and maintenance of NGF-induced mechanical hypersensitivity.
ERK1 deletion and sensory neuron ERK2 deletion differentially modulate NGF-induced heat hypersensitivity
A previous pharmacological study implicated ERK1/2 activity in the induction of heat hypersensitivity by NGF (Zhuang et al., 2004) . Following intraplantar injection of NGF, control littermates developed heat hypersensitivity that persisted for 24 h. NsERK2 KO mice displayed blunted NGF-induced heat hypersensitivity compared with their control littermates over the entire test ( Fig. 4C ; two-way RM ANOVA with a Bonferroni post test: for genotype, F ϭ 5.81, dfn ϭ 1, dfd ϭ 18, *p ϭ 0.0268) and at 1-3 h following NGF injection ( Fig. 4D ; unpaired t test, **p ϭ 0.0015). Unexpectedly, ERK1 KO mice developed increased heat hypersensitivity relative to their wild-type littermates during the entire test ( Fig. 4C ; two-way RM-ANOVA with a Bonferroni post test: for genotype, F ϭ 4.51, dfn ϭ 1, dfd ϭ 22, *p ϭ 0.0452) and at 1-3 h following NGF injection ( Fig. 4D ; unpaired t test, **p ϭ 0.0098). Based on these findings, ERK1 and ERK2 play functionally distinct and opposing roles in the development of NGF-induced heat hypersensitivity.
Although ERK1 KO and NsERK2 KO mice had significantly altered NGFinduced heat hypersensitivity, both lines had normal CFA-induced heat hypersensitivity ( Fig. 3D) (Alter et al., 2010) . To further evaluate these findings, we tested heat hypersensitivity following other algogens. NsERK2 KO mice developed formalin-and mustard oilinduced heat hypersensitivity comparable with control littermates (Fig. 4 E, F ; unpaired t tests, p ϭ 0.4871 and p ϭ 0.7417, respectively). ERK1 KO mice exhibited attenuated formalin-induced heat hypersensitivity (Alter et al., 2010) but displayed similar mustard oil-induced heat hypersensitivity compared with control littermates ( Fig. 4G ; unpaired t test, p ϭ 0.1379). Taken as a whole, these data suggest that ERK1 and ERK2 differentially contribute to heat hypersensitivity generated by different algogens.
Sensory neuron-specific ERK2 deletion causes basal hyperphosphorylation of ERK1
Because pharmacological studies support a role for ERK1/2 activity in both NGF-induced mechanical hypersensitivity and CFA-induced heat hypersensitivity (Obata et al., 2003; MalikHall et al., 2005) , the absence of a phenotype in either ERK1 KO or NsERK2 KO mice may suggest functional redundancy (Figs. . Sensory neuron-specific ERK1/2 double knock-out mice exhibit altered baseline sensitivity to noxious stimuli. A, B, Paw withdrawal latency (in seconds) to a radiant heat source directed at either the hindpaw (A) or tail (B) was measured in female ERK dKO mice compared with control and single knock-out littermates (n ϭ 5-8/genotype; one-way ANOVAs). **p Ͻ 0.01. C, Paw withdrawal threshold to an innocuous, calibrated von Frey mechanical stimulus was measured in female ERK dKO mice and compared with control and single knock-out littermates (n ϭ 5-8/genotype, one-way ANOVA). D, Randall-Selitto tail pinch assay was used to measure tail withdrawal thresholds in female ERK dKO mice compared with control and single knock-out littermates (n ϭ 5-8/genotype). ***p Ͻ 0.001 (one-way ANOVA). E, Data from Randall-Selitto assay in D were separated into distal (1 mm from tail end), medial (2 mm from tail end), and proximal (3 mm from tail end) bins (n ϭ 5-8/genotype). ***p Ͻ 0.001 (two-way RM ANOVA with Bonferroni post test).
mice demonstrated increased levels of pERK1, but not pERK2, in DRG compared with control littermates (Fig. 5A ; unpaired t tests, *p ϭ 0.0232 for pERK1 and p ϭ 0.7782 for pERK2). This change in pERK levels was not observed in SC ( Fig. 5B ; unpaired t tests, p ϭ 0.8738 for pERK1 and p ϭ 0.6854 for pERK2). Despite this compensatory hyperphosphorylation of ERK1 in DRG, NsERK2 KO mice fail to develop some inflammatory pain phenotypes, suggesting that sensory neuron ERK1 cannot completely compensate for loss of ERK2. However, in other inflammatory pain models, NsERK2 KO mice develop hypersensitivity normally, possibly due to compensation via hyperactivation of ERK1 in DRGs.
Sensory neuron-specific ERK1/2 double knock-out mice exhibit deficits in sensation and inflammatory pain To assess functionally redundant roles of ERK1 and ERK2 in sensory neurons, we generated mice with global deletion of ERK1 and Na v 1.8 ϩ sensory neuron-specific deletion of ERK2 by crossing the NsERK2 KO and ERK1 KO mice. These mice are sensory neuron-specific ERK1/2 double knock-out mice in the context of ERK1 global deletion and, for simplicity of nomenclature, will be referred to as ERK dKO mice throughout the remainder of the paper. Naive ERK dKO mice did not exhibit any gross motor deficits (data not shown). Naive ERK dKO mice did exhibit decreased sensitivity to radiant heat on their hindpaw, but not their tails (Fig. 6 A, C; one-way ANOVA, **p ϭ 0.0025 and p ϭ 0.6752, respectively). Naive ERK dKO mice also exhibited decreased sensitivity to mechanical stimuli applied to the tail, but not the hindpaw (Fig. 6 D, B; one-way ANOVA, ***p Ͻ 0.0001 and p ϭ 0.5025, respectively). Loss of mechanical sensitivity was only evident at the distal end of the tail, suggesting a length-dependent loss of sensation ( Fig. 6E ; two-way RM ANOVA with a Bonferroni post test: significant effect of genotype F ϭ 20.00, dfn ϭ 3, dfd ϭ 44, ***p Ͻ 0.0001 compared with ERK2 f/f ). ERK dKO mice also displayed attenuated NGF-induced heat hypersensitivity compared with control littermates over the entire test ( Fig. 7A ; two-way RM ANOVA, F ϭ 7.95, dfn ϭ 1, dfd ϭ 13, *p ϭ 0.0145 for genotype) and at 1-3 h following NGF injection ( Fig. 7B ; unpaired t test, **p ϭ 0.0093). Interestingly, all adult ERK dKO mice presented with diffuse injuries on their distal extremities, specifically on their tails and ears, first seen at ϳ5 weeks of age ( Fig. 8 A, B) . While these injuries could be due to either selfmutilation or fighting with littermates, the sites of injury were more consistent with self-mutilation behavior (autotomy). Such autotomy behavior may result from either dysesthesia or lack of sensation (Ossipov and Porreca, 2013) . ERK dKO mice did not exhibit any overt signs of spontaneous scratching behavior, suggesting that the diffuse injuries were not the result of increased itch. Regardless of its cause, this self-injury phenotype confounds the interpretation of behavioral data in pain models; and, as such, no further behavioral testing was performed on ERK dKO mice. Importantly, neither ERK1 KO nor NsERK2 KO mice exhibited these injuries.
Expression of at least one ERK isoform is necessary for target innervation
Because of the self-injury phenotype and baseline sensory deficits, we hypothesized that the anatomy of the peripheral nervous system was altered in ERK dKO mice. During embryogenesis, Figure 9 . Expression of at least one ERK isoform is necessary for target innervation of epidermis and SCDH. A-D, Representative confocal images of total IENFD demonstrate ␤III-tubulin ϩ fibers coursing through dermal-epidermal border in WT (A), ERK1 KO (B), NsERK2 KO (C), and ERK dKO (D) mice. E-H, Representative confocal images of peptidergic IENFD demonstrate CGRP ϩ fibers coursing through dermal-epidermal border in WT (E), ERK1 KO (F ), NsERK2 KO (G), and ERK dKO (H ) mice. Scale bar, 50 m. I, J, In independent studies, average total (I ) and peptidergic (J ) IENFD (fibers/100 m) were determined for NsERK2 KO (n ϭ 9), ERK1 KO (n ϭ 10), and ERK dKO (n ϭ 6) mice, and then data were divided by the control (n ϭ 6 -10) littermates' IENFD for graphical illustration (mean Ϯ SEM). K-N, Representative images of nociceptive central termination in the SCDH demonstrated CGRP ϩ (green) and IB4 ϩ (red) nociceptive terminals in laminas I and II, respectively, for WT (K ), ERK1 KO (L), NsERK2 KO (M ), and ERK dKO (N ) mice. Scale bar, 100 m. TMPase assay assessed PAP activity present in nonpeptidergic fibers terminating in lamina II of SCDH in WT (O; n ϭ 4). P, ERK dKO (n ϭ 4) did not exhibit any TMPase activity indicative of nonpeptidergic terminals. Scale bar, 100 m. *p Ͻ 0.05 and ***p Ͻ 0.001. ERK1/2 signaling is known to play a predominant role in the development of the peripheral nervous system, particularly for DRG neuron target innervation and survival (Newbern et al., 2011) . However, it is not known whether ERK1/2 signaling is necessary after birth for maintaining target innervation or for survival of sensory neurons. Because the Na v 1.8-driven BAC transgenic Cre has been demonstrated to express Cre-recombinase starting at P0 (Agarwal et al., 2004) , we can directly test whether sensory neuron ERK1/2 signaling is necessary for postnatal sensory neuron maintenance.
To assess target innervation in ERK dKO mice, we counted nociceptive free nerve endings in the epidermis. In the thick, glabrous skin of the hindpaw, both ERK1 KO and NsERK2 KO mice demonstrated that normal total IENFD was assessed by the pan-neuronal marker, ␤III tubulin (Fig. 9A-C,I ; unpaired t tests, p ϭ 0.2970 for ERK1 KO and p ϭ 0.7435 for NsERK2 KO). However, ERK dKO mice exhibited a decrease (ϳ40%) in total IENFD compared with control littermates, suggesting that expression of at least one ERK isoform is required for maintaining total IENFD (Fig. 9 D, I ; unpaired t test, ***p ϭ 0.0009). To further investigate the molecular identity of the remaining fibers in ERK dKO mice, we assessed peptidergic IENFD that normally accounts for ϳ40% of epidermal innervation by labeling fibers for CGRP (Zylka et al., 2005) . Whereas ERK1 KO mice exhibited comparable CGRP ϩ IENFD to control littermates (Fig. 9 F, J ; unpaired t test, p ϭ 0.5741), NsERK2 KO mice exhibited a small, but significant (ϳ25%), decrease ( Fig. 9G,J ; unpaired t test, *p Ͻ 0.05). Strikingly, ERK dKO mice exhibited almost total loss (ϳ85% decrease) of CGRP ϩ IENFD (Fig. 9 H, J; unpaired t test, ***p Ͻ 0.001). Because peptidergic and nonpeptidergic fibers account for nearly all epidermal innervation (Zylka et al., 2005) , the 40% decrease in total IENFD in ERK dKO mice is likely accounted for solely by the near-complete loss of peptidergic IENFD. In NsERK2 KO mice, the decrease in peptidergic IENFD is likely too small to be seen in total IENFD. Therefore, in both lines, nonpeptidergic IENFD likely remains normal.
To determine whether central terminals of DRG neurons were affected, we assessed their termination in the spinal cord dorsal horn (SCDH) from ERK mutants. Distinct patterns of nociceptive fiber inputs occur in the SCDH such that peptidergic (CGRP ϩ ) fibers project to laminas I, II i , and deeper lamina, and nonpeptidergic (isolectin B4 binding, IB4 ϩ ) fibers project to lamina II o as seen in control littermates (Fig. 9K ) . In both ERK1 KO and NsERK2 KO mice, this pattern remained intact (Fig.  9 L, M ) . However, ERK dKO mice displayed decreased CGRP ϩ terminals and loss of IB4 ϩ binding, suggesting that there was a loss of peptidergic and nonpetidergic terminals (Fig. 9N ) . To assess another marker of nonpetidergic terminals, we examined whether the SCDH of ERK dKO mice exhibited TMPase activity seen specifically in nonpeptidergic fibers (Zylka et al., 2008) . No TMPase activity remained in the ERK dKO SCDH, whereas control littermates showed TMPase activity in lamina II o (Fig. 9O,P) . Together, this suggests that expression of at least one ERK isoform is required for central termination of nociceptive fibers.
Expression of at least one ERK isoform is necessary for DRG sensory neuron survival
In prior studies, prenatal loss of ERK1/2 in sensory neurons led to loss of epidermal innervation and subsequent neuronal cell death presumably due to a lack of trophic support (Newbern et al., 2011) . Given these observations, we hypothesized that the decreased IENFD in ERK dKO mice was associated with DRG neuron loss. To test this hypothesis, L5 DRGs from both single and double knock-out mice were analyzed for total neuron number using the pan-neuronal marker, ␤III tubulin. Consistent with unchanged IENFD, neither ERK1 KO nor NsERK2 KO mice exhibited changes in total L5 DRG neuron number compared with control littermates (Tables 1, 2 ; unpaired t tests). However, ERK dKO mice showed an ϳ67% decrease in L5 DRG neuron number (Fig. 10 A, B ; unpaired t test, ***p ϭ 0.0004). Notably, ERK dKO mice exhibited a decrease in neurons of various sizes ( Fig. 10C ; two-way RM ANOVA, two-way RM ANOVA with a Bonferroni post test; interaction between genotype and size, **p ϭ 0.0011) but still had a similar cumulative distribution of DRG neuron sizes compared with control littermates ( Fig. 10D ; KologorovSmirnov test). These data suggest that expression of at least one ERK isoform is required for postnatal survival of both small-and large-diameter sensory neurons. Importantly, loss of ϳ67% of DRG neurons is consistent with loss of most Na v 1.8 ϩ sensory neurons (Shields et al., 2012) . Because Na v 1.8 ϩ sensory neurons are critical for noxious mechanical and inflammatory pain (Abrahamsen et al., 2008) , our behavioral experiments in the ERK dKO mice likely demonstrate the necessity of Na v 1.8 ϩ sensory neurons rather than the role of sensory neuron ERK1/2 signaling in pain.
Expression of at least one ERK isoform is necessary for survival of various Na v 1.8 ؉ neuronal subpopulations Given the widespread loss of sensory neurons, we further characterized the subpopulations of sensory neurons lost by ERK1/2 deletion. Consistent with central fiber termination, neither ERK1 KO nor NsERK2 KO L4-L5 DRGs displayed changes in the percentages of IB4 ϩ , CGRP ϩ , or TrkA ϩ neurons compared with control littermates (Tables 1 and 2 ; unpaired t tests). Strikingly, ERK dKO L5 DRGs presented with few, if any, IB4 ϩ nonpeptidergic neurons ( Fig. 11A ; unpaired t test, ***p Ͻ 0.0001). To determine whether nonpeptidergic nociceptors remained, we assessed Ret expression in small-and large-diameter neurons that correspond to nociceptors and low-threshold mechanoreceptors, respectively. ERK dKO L5 DRGs exhibited a profound decrease in Ret ϩ neurons compared with control littermates ( Fig. 11B ; unpaired t test, ***p ϭ 0.0003) that was limited to the smalldiameter subset (data not shown). Consistent with epidermal innervation, ERK dKO L4 DRGs also exhibited a decrease in CGRP ϩ pepidergic neurons compared with control littermates ( Fig. 11C; unpaired Our neurochemical analysis shows that expression of at least one ERK isoform is required for maintenance of peptidergic and nonpeptidergic nociceptors. However, size-distribution analysis also suggests loss of neurofilament 200 ϩ (NF200 ϩ ), largediameter myelinated A␤-sensory neurons comprised of lowthreshold mechanoreceptors and proprioceptors (Lawson and Waddell, 1991) . Both ERK1 KO and NsERK2 KO L3 DRG show normal percentages of NF200 ϩ neurons compared with control littermates (Tables 1 and 2 ; unpaired t tests). In contrast, ERK dKO mice exhibited an ϳ77% decrease in NF200 ϩ neurons compared with control littermates ( Fig. 11D ; unpaired t test, **p ϭ 0.0068). Overall, these data demonstrate a redundant role for ERK1 and ERK2 in sensory neurons requiring expression of at least one ERK isoform for the survival of both small-and largediameter sensory neurons.
Discussion
This study is the first to identify functional differences between ERK1 and ERK2 explicitly in sensory neurons. Conditional deletion of ERK2 in sensory neurons attenuated cold sensation and behavioral sensitization in several inflammatory pain models. Characterization of ERK dKO mice revealed a role for ERK1/2 signaling in postnatal survival of DRG neurons. Yet, expression of either isoform alone is sufficient to maintain DRG neuron survival. Thus, ERK1 and ERK2 exhibit both functionally distinct and redundant roles in sensory neurons.
ERK2 regulates peptidergic epidermal innervation, cold adaptation, and inflammatory pain ERK1/2 signaling plays a critical role in the development of epidermal innervation that begins at ϳE15 and is completed by birth (Coggeshall et al., 1994; Jackman and Fitzgerald, 2000; Newbern et al., 2011) . Genetic knock-out studies demonstrated that a conserved Raf/MEK/ERK signaling cascade downstream of NGF/ TrkA is critical for establishing epidermal target innervation during embryogenesis (Patel et al., 2000; Zhong et al., 2007; Newbern et al., 2011) . Our NsERK2 KO mice exhibit a small decrease in epidermal innervation. Because ERK2 deletion in NsERK2 KO mice is initiated at P0 after innervation is completed (Coggeshall et al., 1994; Jackman and Fitzgerald, 2000; Agarwal et al., 2004) , our data show that ERK2 is required for maintenance of epidermal innervation. Because NGF is required throughout adulthood for maintaining epidermal innervation (Bennett et al., 1998) , we speculate that ERK2 signals downstream of NGF in a subset of peptidergic neurons to maintain epidermal target innervation throughout adulthood.
Our data suggest that ERK2 functions differently in distinct sensory neuron populations. Peptidergic fibers are required for formalin, NGF, and CFA-induced heat hypersensitivity (Peter- Figure 10 . Expression of at least one ERK isoform is necessary for DRG neuron survival. A, Representative images of L5 DRG demonstrate total DRG neurons identified using the pan-neuronal marker, ␤III tubulin, in WT (A) and ERK dKO (B) mice. Scale bar, 100 m. B, Total neuron counts for WT (n ϭ 6) and ERK dKO (n ϭ 6) mice were performed assessing neuronal number in the L5 DRGs using the pan-neuronal marker, ␤III tubulin, to identify neurons. C, D, Size distribution data of ␤III tubulin ϩ neurons were acquired for WT (n ϭ 3) and ERK dKO (n ϭ 3) mice using MetaMorph software to manually measure cross-sectional area of neurons in 18-m-thick sections. Data are graphed both as a total number of neurons per bins (C) and cumulative frequency of neuron sizes (D). Data are mean Ϯ SEM. *p Ͻ 0.05 and ***p Ͻ 0.001. son et al., 1997; McCoy et al., 2013) . Thus, the complicated phenotype of NsERK2 KO mice in these three models may reflect the decreased peptidergic innervation instead of a deficit in their sensitization. Indeed, ERK2 may be dispensable for sensitization of peptidergic fibers because CFA-induced heat hypersensitivity is preserved in NsERK2 KO mice. However, our data suggest that ERK2 is required for sensitization in nonpeptidergic neurons. Sensory neuron ERK2 deletion does not affect nonpeptidergic innervation but does decrease CFA-induced mechanical hypersensitivity, which has been shown to require nonpeptidergic neurons (Cavanaugh et al., 2009) . Based on our previous study of cold adaptation, the observed impairment in cold sensation in NsERK2 KO mice suggests a deficit in TRPM8-dependent cold adaptation (Brenner et al., 2014a) . Interestingly, an upstream kinase, protein kinase C, is required for cold adaptation downstream of TRPM8-dependent Ca 2ϩ influx in vitro (Premkumar et al., 2005; Abe et al., 2006) . Because ERK1/2 is activated in TRPM8 ϩ sensory neurons by noxious cold application to the hindpaw (Mizushima et al., 2006) , it is possible that ERK2 may act downstream of protein kinase C in an isoformspecific manner to mediate TRPM8-dependent cold adaptation in vivo. Thus, sensory neuron ERK2 may be the predominant mediator of ERK-dependent mechanisms of nociception in both nonpeptidergic and cold-sensitive neurons.
A few possibilities could explain why sensory neuron ERK2 may not drive all inflammation-induced peripheral sensitization, although pharmacological inhibition of ERK1/2 signaling abrogates both NGF-induced mechanical and CFAinduced heat hypersensitivity (Obata et al., 2003; Malik-Hall et al., 2005) . Activation of ERK1/2 signaling in non-neuronal cells or in the SCDH neurons may be required to drive some types of inflammatory pain (Obata et al., 2003; Xu et al., 2008 ). Another possibility is that ERK1 hyperphosphorylation in the DRG compensates for the loss of ERK2. Alternatively, other signaling cascades, including p38, JNK, or PI3 kinase, which are known to be involved in inflammation-induced peripheral sensitization, may compensate for loss of sensory neuron ERK2 Gao and Ji, 2008; Melemedjian et al., 2010) . Compensation from these signaling cascades could underlie the paradoxical observation of increased spontaneous pain behavior in the first phase of the formalin test.
ERK1 may play an antinociceptive role in NGF-induced heat hypersensitivity. ERK1 KO mice exhibited increased NGFinduced heat hypersensitivity that, unlike NsERK2 KO mice, could not be explained by a change in epidermal innervation. Similar gain-of-function effects due to ERK1 deletion have been observed in vitro (Vantaggiato et al., 2006) and in vivo (Mazzucchelli et al., 2002) . In these cases, gain-of-function is associated with ERK2 hyperphosphorylation, raising the possibility that deleting ERK1 may reveal gain-of-function phenotypes via elevated ERK2 activity. Consistent with this hypothesis, we found that ERK1 deletion increases ERK2 phosphorylation (Alter et al., 2010) . Alternatively, ERK1 could have antinociceptive effects in primary afferents, or global deletion of ERK1 could affect either CNS neurons or non-neuronal cells to enhance NGF-induced heat hypersensitivity.
Functionally redundant roles for sensory neuron ERK1 and ERK2 in postnatal DRG sensory neuron survival Sensory neuron-specific ERK1/2 deletion revealed functionally redundant roles for ERK1 and ERK2 in postnatal sensory neuron survival. We hypothesize that neuron loss in ERK dKO mice re- Figure 11 . Expression of at least one ERK isoform is necessary for survival of various Na v 1. sults from decreased epidermal trophic support. This hypothesis is supported by several observations. ERK1/2 signaling is activated downstream of TrkA and Ret, the receptors for the epidermal-derived trophic factors NGF and the GDNF family ligands, respectively (Airaksinen and Saarma, 2002; Sah et al., 2003) . We have previously shown that deletion of Ret in Na v 1.8 ϩ neurons results in an ϳ30% decrease in the number of DRG neurons by adulthood (Golden et al., 2010) . Additionally, targetderived NGF/TrkA signaling is required for DRG neuron survival during early postnatal life (Lewin and Mendell, 1994) . Prenatal deletion of ERK1/2 starting at E12.5 results in loss of epidermal innervation at P3 followed by cell loss at P18 (Newbern et al., 2011) , consistent with the requirement for target-derived trophic support for sensory neuron survival. Our findings support and extend these results by demonstrating a requirement for expression of at least one ERK isoform for neuron survival after the establishment of epidermal innervation.
Widespread loss of large-diameter, NF200 ϩ neurons in ERK dKO is unexpected because Na v 1.8-Cre driven ERK2 deletion should only occur in approximately one-third of these neurons (Agarwal et al., 2004; Shields et al., 2012) . In neurons expressing both NF200 and Na v 1.8, ERK1 and ERK2 play functionally redundant roles to promote survival; however, the remaining NF200 ϩ neurons may be lost as a result of non-cell-autonomous effects. BDNF is expressed in small-diameter TrkA ϩ peptidergic neurons and may promote postnatal survival of both small-and large-diameter neurons through paracrine signaling, which would be lost in ERK dKO mice due to loss of peptidergic neurons (Valdés-Sánchez et al., 2010) . Another possibility is that, due to global loss of ERK1, Na v 1.8-driven Cre expression is altered, leading to changes in its timing and/or its cell type specificity. However, we do not favor this interpretation because ERK1 has not been shown to affect Na v 1.8 expression.
With widespread neuron loss, it is interesting that some epidermal innervation remains. The decrease in total IENFD in ERK dKO mice initially appeared to be accounted for solely by loss of peptidergic IENFD. However, the majority of nonpeptidergic neurons are lost in ERK dKO mice. Thus, the cellular origin of the remaining fibers is unclear because nonpeptidergic fibers normally account for the remaining epidermal innervation (Zylka et al., 2005) . Previous studies suggest that the amount of available trophic factors in target fields regulates innervation density (Kessler et al., 1983; Zwick et al., 2002; Elitt et al., 2006; Golden et al., 2010) . Therefore, other afferents dependent on GDNF family ligands or NGF may provide collaterals or de novo innervation to this hypoinnervated epidermal region in ERK dKO mice.
Functional redundancy model of ERK1 and ERK2
The functional redundancy hypothesis presumes that ERK1 and ERK2 share roles because of their high sequence homology (Boulton and Cobb, 1991; Boulton et al., 1991) ; however, ERK1 and ERK2 have functionally distinct roles in various cell types (Pagès et al., 1999; Nekrasova et al., 2005; Satoh et al., 2007 Satoh et al., , 2011a Newbern et al., 2008; Samuels et al., 2008; Alter et al., 2010; Fyffe-Maricich et al., 2011; Otsubo et al., 2012) . This study is the first to demonstrate a distinct functional role for ERK2 in sensory neurons. The molecular basis of this isoform-specific function remains unclear. ERK isoforms could be differentially expressed in sensory neuron subtypes; however, loss of Na v 1.8 ϩ neurons only in the ERK dKO and not in single isoform KO mice suggests that both isoforms are expressed in these cells. Alternatively, it is possible that ERK1 and ERK2 are differentially localized in nerve terminals such that ERK2 specifically regulates ERK-dependent changes in membrane excitability (Stamboulian et al., 2010) or local nascent protein translation (Price and Géranton, 2009; Melemedjian et al., 2010) . Faster nuclear shuttling of ERK2 could also contribute to the predominant role of ERK2 in peripheral sensitization (Marchi et al., 2008) . Last, as previously postulated, isoform-specific roles for ERK1 and ERK2 may not exist because total ERK activity may be paramount (Lefloch et al., 2008) . However, loss of both isoforms leads to novel phenotypes in different systems, including in sensory neurons as we have shown, indicating that there are both functionally distinct and fully redundant roles for ERK1 and ERK2 (Newbern et al., 2011; Satoh et al., 2011b; Yasuda et al., 2011; Ishii et al., 2012 Ishii et al., , 2013 .
